Introduction {#s0001}
============

A novel coronavirus disease, designated as COVID-19, has become a pandemic worldwide. As of March 29, 2020, there were 634,835 confirmed COVID-19 cases and 29,957 deaths reported worldwide.[@cit0001] However, we still have only a limited understanding about many aspects of our common enemy, such as the transmission dynamics.[@cit0002] The incubation period is defined as the time from infection to symptom onset. It is a key indicator that helps to depict the transmission dynamics of infectious diseases.[@cit0003] It can also help to determine the quarantine period for suspicious cases.[@cit0004],[@cit0005]

Thus far, several studies have estimated the incubation period of COVID-19. The reported mean incubation period for COVID-19 varied from 4 days to 10.9 days.[@cit0006]--[@cit0009] However, the above-mentioned studies have been limited by their small sample sizes and/or the fact that they were based on publicly reported data. As a result, sampling bias and selection bias may have been introduced into the estimates.[@cit0010] Moreover, factors associated with the incubation period of COVID-19 are not fully known.

To obtain reliable estimates of the incubation period for COVID-19, we collected data in a municipality in Hubei province during a full outbreak period. Our aim was to further assess the incubation period of COVID-19, and to explore whether there were different incubation periods among different age groups.

Methods {#s0002}
=======

Study Setting Background {#s0002-s2001}
------------------------

On 20 January 2020, the Shiyan Center for Disease Control and Prevention in Hubei province identified the first COVID-19 case and began active surveillance of people returning from Wuhan and its surrounding areas in Hubei province. After Wuhan announced its lockdown on 23 January 2020, Shiyan shut down its traffic two days later, and then closed communities and villages the following day, on 26 January 2020. The surveillance program was then expanded to people who had recently returned from Wuhan regardless of symptoms; patients in hospitals or clinics; and individuals detected by fever screening in communities. Epidemiological surveys were conducted for each confirmed case, using a standard format.

Data Collection {#s0002-s2002}
---------------

We collected data for cases with conﬁrmed COVID-19 in Shiyan based on the epidemiological survey reports. Information collected included each case's sex, age, source of infection (imported from Wuhan, or locally infected), date of exposure (entry into and exit from Wuhan, or the earliest and latest date of close contact with a Wuhan-imported/locally infected case), date of symptom onset, and date of diagnosis.

The symptom onset of COVID-19 patients was defined as one or more of the following symptoms: cough, dyspnea, fever, chest congestion, muscle soreness, chills, fatigue, and diarrhea. To estimate the incubation period for COVID-19, the exposure periods were inferred from the history of travel in Wuhan and/or history of exposure to confirmed cases, as follows: (i) If a patient had a history of travel in Wuhan two weeks before symptom onset and stayed no more than one week in Wuhan, the left and right endpoints of the windows of possible date of infection were set as the date of entry into and exit from Wuhan, respectively; (ii) If a patient did not have a history of travel to Wuhan two weeks before symptom onset and had a well-defined contact period with a confirmed case, the left and right endpoints of the windows of possible date of infection were set as the initial contact date and the last contact date, respectively; and (iii) If a patient had a history of staying in Wuhan for more than one week, or if there was no clear contact information about a confirmed case, or if the contact period with a confirmed case was not clear or was longer than one week, the exposed period was not recorded.

Statistical Analysis {#s0002-s2003}
--------------------

Frequency counts and percentages were used in the descriptive analysis. All of the analyses were performed using R software, version 3.6.1.[@cit0011]

For each case, the date of infection was between two possible dates, while the date of symptom onset was definite. Such data are called single interval-censored data.[@cit0012] We estimated incubation period using the algorithm described by Reich et al implemented in the coarseDataTools R package.[@cit0013] The incubation period distributions were estimated using three commonly used distributions (Weibull, gamma, and log-normal).[@cit0014]--[@cit0016] We chose the best fit model by comparing the log-likelihood values of the three distributions. We then estimated the means and specific quantiles (5th, 50th, 95th, and 99th percentiles) for each distribution. To compare the incubation periods among cases with different age groups, we fitted the model which best fits the data and plotted the distribution for each age group. Finally, we applied a multivariate regression using the best fit model to examine the difference in incubation periods for different age groups.

Ethics Statement {#s0002-s2004}
----------------

This study was approved by the Research Ethics Committee of Hubei University of Medicine to access the database and analyze the data. Analytic datasets were constructed in an anonymized fashion. The names and identification numbers of all patients were encrypted before use to ensure confidentiality. Approval to conduct the study was done in compliance with the Declaration of Helsinki.

Results {#s0003}
=======

Patients' Characteristics {#s0003-s2001}
-------------------------

Between 20 January 2020 and 29 February 2020, 672 COVID-19 cases were detected and diagnosed in Shiyan, Hubei province. We identified 180 cases with a well-defined period of exposure and date of symptom onset. Of the 180 cases, the mean age was 46.1 years with a standard deviation of 15.3 years; 83 (46.1%) were female and 97 (53.9%) were male; 57 (31.7%) had a history of staying in Wuhan no more than one week prior to onset or diagnosis, and 123 (68.3%) were locally infected. Detailed exposure to symptom onset timeline for these 180 cases is presented in [Figure 1](#f0001){ref-type="fig"}. The length of exposure intervals ranged from 0 to 7 days with a mean of 2.3 days and a standard deviation of 2.4 days.Figure 1Exposure to symptom onset timeline for Wuhan-imported (upper panel) or locally infected (lower panel) COVID-19 cases sorted by earliest exposure date.

Incubation Period Distribution {#s0003-s2002}
------------------------------

[Table 1](#t0001){ref-type="table"} presents the estimated incubation periods for COVID-19 using three different parametric models. Of the three fitted distributions, the Weibull distribution has the largest log-likelihood, thus provides the best fit to the data. From the Weibull model, the estimated incubation period of all COVID-19 cases has a median of 5.8 days with a bootstrap 95% CI: 5.2--6.4 days. Among all the symptomatic cases, 5% showed symptoms by 1.2 days (95% CI: 0.9--1.5) after infection, 95% showed symptoms by 14.3 days (95% CI: 13.0--15.7), and 99% showed symptoms by 18.7 days (95% CI: 16.7--20.9) ([Table 2](#t0002){ref-type="table"}).Table 1Estimated Incubation Period for COVID-19 Cases Using Different Parametric ModelsDistributionLog-Likelihood\*Parameter 1Parameter 2Mean5^th^ Percentile50^th^ Percentile95^th^ Percentile99^th^ PercentileWeibull−449.51.6 (1.4--1.9)7.3 (6.6--7.9)6.5 (5.9--7.1)1.2 (0.9--1.5)5.8 (5.2--6.4)14.3 (13.0--15.7)18.7 (16.7--20.9)gamma−452.72.1 (1.5--3.0)3.0 (2.2--4.2)6.5 (5.9--7.1)1.3 (0.7--1.8)5.5 (4.8--6.2)15.1 (13.4--16.9)21.0 (18.1--24.1)Log-normal−479.31.6 (1.5--1.8)0.9 (0.6--1.2)7.2 (6.2--8.9)1.2 (0.6--2.1)5.0 (4.3--5.9)20.5 (14.7--29.5)36.6 (22.2--58.8)[^1] Table 2Parameter Estimates and 95% Confidence Intervals of Weibull Distributions Used to Estimate the Incubation Period for COVID-19 CasesParameterAll (n = 180)Age (Years)\<30 (n = 27)30--59 (n = 123)≥60 (n = 30)Shape1.6 (1.4--1.9)1.3 (0.8--1.8)1.6 (1.4--1.9)2.4 (1.6--3.2)Scale6.5 (5.9--7.1)5.3 (3.5--7.1)7.3 (6.4--8.2)8.9 (7.4--10.4)5th percentile1.2 (0.9--1.5)0.5 (0.2--0.9)1.1 (1.0--1.3)2.6 (2.0--3.2)50th percentile5.8 (5.2--6.4)4.0 (3.5--4.4)5.8 (5.6--6.0)7.7 (6.9--8.4)95th percentile14.3 (13.0--15.7)12.3 (11.7--12.8)14.4 (14.2--14.7)14.1 (13.2--15.0)99th percentile18.7 (16.7--20.9)17.1 (16.5--17.6)18.9 (18.6--19.2)16.9 (15.9--17.8)

The parameters and specific quantiles of Weibull distributions fitted to incubation periods for different age groups are shown in [Table 2](#t0002){ref-type="table"}. The shape and scale parameters of the corresponding distributions increase as the age group changes from the youngest to the eldest. [Figure 2](#f0002){ref-type="fig"} shows the corresponding probability density distributions and cumulative density distributions of incubation periods for the three age groups. The incubation periods have an increasing trend from the youngest to the eldest cases. The median incubation period was estimated at 4.0 days (95% CI: 3.5--4.4) for cases aged under 30, 5.8 days (95% CI: 5.6--6.0) for cases aged between 30 and 59, and 7.7 days (95% CI: 6.9--8.4) for cases aged greater than or equal to 60. The three distribution curves are almost superimposed in the right tails after 16 days. Of those symptomatic cases, 95% cases aged less than 30 showed symptoms within 12.3 days (95% CI: 11.7--12.8) after infection, while 14.4 days (95% CI: 14.2--14.7) for cases aged between 30 and 59, and 14.1 days (95% CI: 13.2--15.0) for cases aged greater than or equal to 60.Figure 2Probability density function (left panel) and cumulative distribution function (right panel) of the Weibull distribution used to estimate the distribution of incubation periods by age group for 180 COVID-19 cases in Hubei, China.

In the multivariate Weibull regression model ([Table 3](#t0003){ref-type="table"}), sex and source of infection were not found to be significantly associated with the incubation period. The incubation periods for elderly cases and middle-age cases were longer than those for young cases, though only the elderly showed a significant longer incubation period than the young cases (P = 0.013). After adjusting for sex and source of infection, the incubation period for cases above 60 years was 1.5 times (95% CI: 1.09--2.05) longer than that of cases aged less than 30 on average.Table 3Association Between Incubation Periods and Characteristics of COVID-19 Cases in Multivariate Weibull Regression ModelVariablesHR (95% CI)P value (Wald Test)P value (LRT)Sex0.549 Femalereference Male1.06 (0.88, 1.27)0.549Age (years)0.048 \<30reference 30--591.27 (0.99, 1.64)0.065 ≥601.49 (1.09, 2.05)0.013Source of infection0.050 Wuhan-importedreference Locally infected0.82 (0.68, 1.00)0.052[^2]

Discussion {#s0004}
==========

Using contact tracing data accounting for interval censoring of exposures, our estimate of incubation period for COVID-19 follows a Weibull distribution with a median of 5.8 days. The incubation period for elder cases is significantly longer than that for younger cases. Our estimated median incubation period is longer than the values from two studies conducted during the early outbreak of COVID-19, which were 5.2 days[@cit0017] and 4.8 days,[@cit0018] respectively. These two studies set the date of leaving Wuhan as the exposure time. However, infectees may have been exposed several days prior to leaving Wuhan. This might result in an underestimate of the incubation period.

Time of infection is critical in estimating the incubation period. The Dongfeng Motor Corporation, founded in Shiyan in 1969, is now headquartered in Wuhan. However, many of its manufacturing plants are still in Shiyan. As a result, there is more frequent population mobility between these two cities than other cities in the province. In the first week after Wuhan lockdown, Shiyan was one of the four cities with the fastest growth in the number of COVID-19 cases in the province, although it is geographically farthest from Wuhan in the province. Of all the cases imported from Wuhan, about one-third were related to the Dongfeng Motor Corporation. This facilitated our ability to estimate the time of infection in cases with a history of short stay in Wuhan before symptom onset. Besides, because of the lockdown of the communities in the city, most transmissions of COVID-19 occurred within families or neighborhoods. Therefore, for those had close contacts with Wuhan-imported cases, we could infer source of infection with high accuracy. As a result, we can obtain the time interval of infection from the earliest and last contact time. For these reasons, our estimate of the incubation period should be more justifiable than those in previously published studies.

Although the incubation period distributions of different age groups are significantly different, the distribution curves are almost superimposed in the right tails. Of symptomatic cases in any age group, about 95% will show symptoms within 14 days. This supports the currently practiced length of quarantine in many countries. However, considering that nearly 5% of patients still require an incubation period of more than 14 days, a 1--5-day extension of the quarantine period may be necessary.

Our results suggest that older people infected with SARS-CoV-2 have longer incubation period than that of younger people. The more responsive the host's immune system is to a respiratory virus, the shorter the incubation period.[@cit0019] Elderly people display a marked increase in the proportion of highly differentiated effector and memory T cells due to a lifetime of exposure to a variety of pathogens.[@cit0020] A significant proportion of T cells of elderly loses the expression of costimulatory molecules,[@cit0020]--[@cit0022] which may lead to delay in the transmission of defense information by the immune system. When the host's immune system is not yet activated, the virus can replicate in large amount in the incubation period. This might explain that the proportion of severe cases in elder age was significantly higher than in the young.[@cit0023] The older has longer incubation period yet we do not know whether they shed the virus for a longer asymptomatic period than the young ones. This need to be proven by another epidemiological study.

The present study has several limitations. First, the data were extracted from epidemiological survey reports. Recall bias was inevitable, particularly for the key timing variables. Patients returned from Wuhan may have delayed reporting their symptoms to avoid discrimination. For these cases, we may overestimate the incubation periods. Second, we assigned a uniform probability distribution to the exposure interval for cases during their staying in Wuhan, and for cases during their contacting Wuhan-imported cases. It is possible that the time of infection is more inclined to the left or right endpoint of the interval, depending on the transmission of SARS-CoV2. We limited the length of intervals to within seven days (nearly 80% were within four days) to minimize this potential bias. In addition, we exclude cases who travelled in Wuhan for more than one week to obtain more reliable exposure time periods. A large proportion of Wuhan residences were excluded. This leads to a bias against identifying longer incubation periods in the Wuhan-arrivals. Third, we only had information on confirmed cases and may have missed some cases with very mild symptoms. In view of the large sample size, it is unlikely that these biases could have influenced the estimation very much.

In conclusion, our results contribute to a better understanding of COVID-19 and provide useful parameters for modeling the dynamics of disease transmission. The current practice of a 14-day quarantine period in many regions is reasonable for any age. However, more attention should be paid to asymptomatic elderly people who had a history of exposure.
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[^1]: **Note:** \*Larger value of log-likelihood indicates a better fit.

[^2]: **Abbreviations:** HR, hazard ratio; CI, conﬁdence interval; LRT, log-likelihood ratio test.
